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/mSTRAC¢ 
H~mopkilus influen~--transforming  DNA, which has been inactivated by ultra- 
violet radiation,  is reactivated by visible light in the presence of a  cell-free extract 
of Eschcric~ia coli B. 
The time rate of reactivation is increased  by increasing  the E. coli extract con- 
centration, the temperature, and the intensity of illumination. 
Only DNA containing an ultraviolet-damaged  genetic marker exhibits increased 
transforming activity after treatment with the photoreactivatlng system. 
The  reactivating  capacity of the  extract  remains  in  the  top supernatant  after 
centrifugation at 110,000 X g for 1 hour and is not present in the pellet. This capac- 
ity is destroyed by heating to 90°C. for 1 minute. 
The active system of the E. cdi extract is separable into dialyzable,  heat-stable 
and non-dialyzable,  heat-labile  fractions.  The dialyzable fraction  contains  at least 
one component which limits the max-imum degree of recovery attained. 
Photoreactivation,  the  reversal  of short  wave length  ultraviolet  effects on 
organisms  by  subsequent  treatment  with  visible  light,  was  first  specifically 
described by Keiner  (1, 2) for survival of the ultraviolet-irradiated  conidia of 
Streptomyces griseus. It has since been recognized for a variety of other ultra- 
violet effects in a  large number of species and tissues (3), including  interrup- 
tion of DNA synthesis (4), production of mutations (5), induction of vegetative 
phage  in  lysogenic bacteria  (6),  inhibition  of adaptive  enzyme  formation  in 
yeast (7), spheration of nudeoli in the grasshopper neuroblast  (8), delaying of 
cleavage in  eggs  (9),  and  delaying  of division in protozoa  (10).  Its  detailed 
mechanism is unknown. A possible outline of the process, however, is suggested 
by existing evidence. 
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The action spectrum for ultraviolet effects on organisms implicates nucleic 
acid as an important absorber of the effective radiation (II). Recent studies 
indicating that nuclear damage by ultraviolet radiation is photoreversible but 
that cytoplasmic damage is not (12, 13) suggest that DNA rather than R~A 
is primarily involved in photoreacti.vation. The fact  that ultraviolet-inacti- 
vated bacteriophages,  which are  not in  themselves photorestorable,  can be 
reactivated if the cells infected with them are illuminated (3) points to a  cel- 
lular mechanism acting on the DNA. The temperature dependence of photo- 
reactivation (I, 3)  is consistent with an enzymatically controlled system of 
reactions,  an  activation  energy around  17  kilocalories being  indicated  for 
N~rospora  microconidia (14).  The fact that reactivated bacteriophage show 
the same sensitivity to ultraviolet radiation, when tested intracellularly, as 
initiaily nnirradiated phage tested the same way implies that the effects of 
the  ultraviolet  radiation  have  in  some  manner  been  undone,  rather  than 
simply circumvented  (15).  The accumulated evidence  thus suggests that  a 
cellular enzyme system, containing a  photochemical step,  repairs ultraviolet 
damage to DNA,  and that the observed reversal  of ultraviolet effects is a 
result of such repair. This plausible inference, which is consistent with more 
evidence than that cited here, has in the past lacked any direct proof. 
The DNA which produces bacterial transformations (16)  is inactivated by 
254 m/~ ultraviolet radiation in doses of the order of magnitude required to 
inactivate bacterial ceils.  Such doses are far below those required to decrease 
the viscosity of DNA solutions. In v/fro photoreactivation of this inactivated 
material,  using a  cell-free extract  of Esd~'ichia coli B,  was  reported  in  a 
preliminary note earlier  (18),  and a  fuller account of the exploratory work 
follows below. 
Mato~s and Mett=ods 
Preparation of Hemophilus DNA.-- 
Transforming DNA  (transforming  factor)  was  extracted  from  Sd  Hemophilus 
influenzae cells resistant to 2000 7/ml. of streptomycin by lysing washed cells sus- 
pended in 60 ml. of citrate-saline  (0.15 ~¢ NaCI, 0.014 ~r trisodium citrate/liter) with 
1 nil. of 10 per cent sodium desoxycholate. After 30 minutes at 37°C., the lysed 
suspension was made 2 molar in NaC1 and deproteinized as described by Sevag d  aL 
09) by shaking with chloroform-octanol at 5°C. The mixture was centrifuged,  the 
pellet extracted with 10 ml. of citrate-saline, and this extract added to the super- 
natant. DNA was precipitated  as fibers from the pooled extract and supernatant by 
the addition of 3 volumes of 95 per cent ethanol. The fibers were collected, redissolved 
in 20 ml. of citrate-saline, reprecipit~ted with ethanol, and redissolved. The solution 
was digested with RNAse at 5°C. for 1 hour, subjected  to another cycle of Sevag 
deproteinization,  centrifugation,  and  ethanol  precipitation,  and  the  redissolved 
material stored  as a  stock solution of 170 7  DNA/ml. in citrate-saline  at  -20°C. 
The ratio of the optical density at 260 m# to that at 280 m/~ was 1.73. 
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pared from streptomycin-sensitive Rd Hemophilu~ influenzae by an analogous pro- 
cedure. 
Ultra~olet Irradiation of Transforming Factor.-- 
For ultraviolet irradiation, DNA at a concentration of 3.4 "z/ml. in citrate-saline 
was exposed to the radiation from a  15 watt General Electric germicidal lamp at a 
distance of 38 cm. for 120 seconds. This corresponded to a  3200 erg/mm,S  dose of 
254  m~ radiation as calibrated from the rate of inactivation of "1"2 bacteriophage 
(20). The liquid layers irradiated were approximately 1 ram. thick and were agitated 
during irradiation. Their transmission in this thickness was better than 97 per cent 
at 254 m~. 
Unused irradiated DNA was stored at -20°C. 
Transformations.-- 
The techniques employed in transformation were those of Alexander,  Leidy, and 
Hahn (21) as modified by Goodgsl and Herriott (22). 
Rd Hemophil~ influenzae sensitive to 10 ~//rnl. of streptomycin were grown to a 
concentration of 6  X  10°/nd.  in Levinthal broth. In the period over which the pre- 
sent work extended the competence of these cultures varied from about one compe- 
tent cell per 15,000 in the early work to one per 500 in the later. Low competence 
cultures  were  used directly and  higher  competence cultures  were usually  diluted 
tenfold in eugonbroth (Baltimore Biological Laboratory, Inc., Baltimore, Maryland) 
before use. 0.1 ml. (or in some cases 0.2 ml.) of cell suspension  and 0.1 ml. of s trans- 
forming DNA solution under test were added to 3 ml. of Levinthal broth and incu- 
bated for 30 minutes. A suitably diluted aliquot of this mixture was plated (by mixing 
with Levinthal-agar in a Petri dish)  and the resulting plate incubated for 120 min- 
utes before iayering with Levlnthal-agar containing 500 "r streptomycin/m1. Strep- 
tomycin-resistant colonies were counted after 18 to 48 hours, the growth rate depend- 
ing upon the number of cells plated. The number of cells transformed per milli|iter 
in the 3 rid. transformation tube, calculated from the colony count and the dilution 
before piating,  was used  as the index of transforming ability of the sample. For 
convenience,  this number will be referred to as the "activity" of the DNA solution. 
As found by others both for D. pneumow/ae (23) and for H. inJlucnzae (21)  the 
activity of transforming DNA varies linearly with DNA concentration at low con- 
centrations when the number of cells greatiy exceeds  the number of transforming 
DNA units, but flattens off as the amount of DNA is increased.  At sufficiently high 
levels it fails to increase further, suggesting a saturation of competent cells with DNA 
(21). Such a titration curve obtained with an undiluted culture of high competence is 
shown in curve A of Fig. 1. The linear region is represented on this log-log plot by a 
45  ° straight line.  Curve B  shows a  similar titration curve for the same DNA prep- 
aration after ultraviolet irradiation with  3200 ergs/mm.  I  as  described  above. The 
same curve, displaced  vertically,  fits both sets of points. The  displacement corre- 
sponds to a factor of 102. 
Assaying Irradiated Transforming DNA.-- 
It is the usual practice to assay transforming activities using the linear portion of 
the curve, but it is evident from Fig.  1 that this is not necessary when measuring 454  HEMOPWTLUS INI~LUENZAE  TRANSI~ORMING  I~ACTOR 
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FIG.  1.  Activity titration curves of trandorm;,g DNA. The absdssa is the DNA 
concentration in the  transformation  tube, and  the ordinate  is  the observed trans- 
forming activity,  both plotted  on a  logarithmic  scale.  Curve  A,  for unirradiated 
transforming DNA. Curve B, the same material used in curve A, but irradiated with 
3200 ergs/mm.  2 of 254 m/~ ultraviolet light. 
inactivation  by moderate  doses  of ultraviolet  such as is  done here.  The  residual 
activity of irradiated DNA, when expressed as a per cent of the unirradiated activity 
at  the  same  DNA concentration, does not  depend  on the  concentration used  for 
assay. 
We have chosen to assay irradiated DNA solutions at a concentration (the same in 
all experiments)  which corresponds to the flattened  region of  the curve. This has 
the following experimental  conveniences: (a)  The number of transformations pro- 
duced is larger, permitting a higher degree of DNA inactivation to be assayed with C.  S.  RUPERT~  S.  H.  GOODGAL1 AND  R.  M.  HE]~t..IOTT  455 
cultures of low competence, or permitting the plating of fewer cells when assaying 
lower inactivations with consequently faster growth and earlier counting of colonies. 
(b) The assay is insensitive to small errors of DNA concentration in the transforma- 
tion tube  (resulting  from errors in the rapid pipetting of small volumes, inhomo- 
geneities in DNA solutions,  etc.). 
It is readily shown,  by adding ultraviolet-irradiated DNA to unirradiated DNA 
at the  time of transformation, that the former competes on approximately equal 
terms with the latter for uptake by the cells (22). This competition, evidenced by a 
decrease in the number of transformations produced, argues that the cells cannot 
distinguish  between  active DNA  molecules  and  ultraviolet-inactivated  molecules 
during uptake. The identical shape of the two titration curves in Fig. 1 supports the 
same view. 
Ex~rad of Escherichia coll.-- 
Ceils  of E. coli B  were grown nearly to stationary phase (3 to 4  X  10'/nd.) in 
vigorously aerated  synthetic medium  (24)  and harvested by centrifugation.  Cells 
taken in the exponential phase gave extracts that were distinctly inferior for the same 
weight of harvested cells. 
The cells were ruptured by any of several means: grinding in a cold mortar with 
Alcoa No. 303 al-mlns, treatment with 10 kc. sonic vibratious, or producing plastic 
flow in a mass of frozen cells. One ml. of water or of 0.1 u  phosphate buffer at pH 7 
was added for each gram wet weight of cells, and the ruptured cell suspensions were 
centrifuged at approximately 10,000 X g for 40 minutes at 5QC. The pale yellowish, 
viscous, opalescent supernatant constituted the crude extract. 
Illuminalion.-- 
Reaction mixtures to be illuminated  with  visible light were placed in  17  ram. 
diameter screw-cap test tubes in a  constant temperature bath. Two different light 
sources were used. One was a  750 watt TI2, C-13 filament, projection ]amp with 
its filament imaged on the reaction tube by a condensing  lens system at a magnificao 
tlon of unity and a numerical aperture of 0.4. Light from this source was filtered by 
II cm. of ~,~o  M CuS04 solution. The brightness of the filament image could be changed 
a known amount without changing the distribution of light in the image or its spectral 
characteristics, by inserting c/rcular screens  with radi~|ly symmetric sectors, alter- 
natdy transparent and opaque, in a parallel-light portion of the lens system. Such a 
screen with its center on the optic axis intercepted a  known fraction of the light 
from each zone of the lens system.  The second light source was a 40 watt General 
Electric "cool white" fluorescent lamp  set at a  distance of about 5 an.  from the 
sample. This weaker source was convenient for illuminating a number of tubes at a 
time. 
EXPEPr~fR.NTAL 
Stability  of  Ullra~iolet-Inacti~ated  Transforming DNA.-- 
If inactivation of the transforming factor continues after exposure to ultra- 
violet radiation, then experiments relating to the present problem are dlmcult 
to interpret. Zamenhof et a/. (17) have reported an unstabilization of the cap- 456  HEMOPHILUS  INFLUENZAE  TRANSFORMING  FACTOR 
sular-transformlng  factor d  H~philus  infl~w,  sae by ultraviolet light which 
mused  the  activity  to decay during  subsequent storage.  However, for  the 
streptomycin resistance factor of type Rd H. i,flu~zae,  no such decay has 
been detected in the following several experiments: (A) A sample of irradiated 
transforming factor which had 1 per cent residual activity when tested imme- 
diately after irradiation had the same activity 19.5 hours later during which 
period it was kept at 37°C.  (Table I). (]3) Similarly, a freshly irradiated sam- 
ple which had 1.1 per cent residual activity when analyzed  immediately was 
found  to  have  1.1  and  1.05 per  cent  activity  after  11  weeks of  storage 
TABLE I 
Stabilily of Irr~dlaled Tramforming Factor at JT°C. 
A preparation of transforming factor (TF) and an ultraviolet irradiated aliquot (UVTF) 
were ~_r~s~___yed  for transforming activity bet~'nnlng 1 hour after the ultraviolet itradiatlon. 
Unused material was stored at 37°C. for 19.5 hours and r_~__~yed. An aliquot of the TF was 
also stored at 5°C. for comparison. 
Before storage  After storage 
Activity  Per cent activity  Activity  Per cent activity 
TI  e  1.8  X  104  100"  1.8  X  104:~  100" 
2.O X  104  110 
UVTF  2.6 X  102  1.5  2.2 X  102  1.3 
* 100 per cent by definition. 
:~ Stored 19.5 hours at 5°C. 
at --20°C.  (C) Samples of a stock mlrture diluted 20-fold immediately after 
irradiation  had  the  same  transforming  activity  as  samples  diluted  before 
irradiation  so that the DNA remained in contact with the full strength irra- 
diated solvent (see Table If). (D) Likewise, unirradiated DNA lost no trans- 
forming activity upon dilution into irradiated solvent (Table II). The last two 
experiments suggest that any inactivation by reactive radiation products of 
the solvent is negligible. 
The above experiments support the view that ultraviolet inactivation of the 
H. influenr~e streptomycin resistance factor is rapid if not instantaneous. 
Photoreacti~alion  of Irradiated Transforming DNA.-- 
Ultraviolet-inactivated  DN'A  showed no  recovery on  exposure  to  visible 
light (18). However, when Mg  ~- and extract of E. coli were added, the activ- 
ity of successive samples of the mixture increased under illumination as shown 
in Fig. 2. Control mixtures incubated in the dark showed no such increase. 
The increase took place only during illnmlnation and ceased during the time 
illumination  was interrupted  as indicated in Fig. 3. 
The increase did not depend on the concentration of DNA used in assaying C.  S.  RUPERT,  S.  H.  GOODOAL,  AND  R.  M.  HERRIOTT  457 
activity. Samples of a reaction mixture diluted and assayed on the linear por- 
tion of the titration curve (Fig.  1)  gave the same rise in per cent activity as 
samples assayed on the plateau at a  50-fold higher concentration. 
The curves of Fig. 2 rise to a maximum representing less than full recovery 
of the  unirradiated  transforming  activity.  The magnitude  of  the  maximum 
recovery varied from one preparation of crude cell extract to another. 
TABLE II 
E.~ects of Dilution and Irradiation of Soluent on Transforming Adi~ty 
Each trandorming activity listed in the table below represents the assay of an independent 
preparation. Preparations fall into four series. Series A, 0.1 mL aliquots of tran~orming DNA 
at a concentration of 5.8 ~/ml. were each irradiated with 3200 ergs/mm.  2  of 254 m~ ultraviolet 
Hght. Be~nn|~g within 1 second of the end of irradiation, 1.9 ml. of cltrate-salin¢ (0.014 ,s 
NasCit-[- 0.15 M NaC]) was added to each irradiated sample m~k;ng the  DNA concentra- 
tion 0.34 ~//ml. Mixing was complete within about 3 seconds. Series B, DNA was diluted 
More irradiation to 0.34 7/ml. and irradiated with 3200 ergs/mm~  2 of 254 m# ultraviolet 
lighL Series C, 1.9 ml. samples of citrate-saline were exposed to 6400 ergs/mm,  l of 254 m# 
ultraviolet light, and 0.1 mL of 6.8 T/mL DNA added within 1 second of the end of irradi- 
ation. Series D, 6.8 T/ml. DNA was diluted 20-fold in unirradiated citrate-~_  ]|he for com- 
parison with series C. 
S¢d¢~  'l~r,~fomd~ activity 
A  DNA irradiated, then diluted 
B 
C 
D 
DNA diluted, then irradiated 
DNA -{- irradiated citrate-saline 
DNA -{- unirradiated cltrate-saline 
3.5  X  10  ~ 
3.2  X  lO  2 
3.8  x  lO  ~ 
3.5  X  10  s 
3.8  X  102 
3.1  X  104 
3.4  X  10  ~ 
3.2  X  104 
2.9  ×  104 
2.8  ×  104 
2.7  X  104 
Two aliquots  of an ultraviolet-irradiated  transforming  DNA preparation, 
one exposed to the photoreactivating treatment immediately after ultraviolet 
irradiation  and one after 19.5  hours' storage at 37°C.,  gave the same rise in 
activity from the same base line (see Tables I  and l-H). Likewise, storage of a 
different preparation for  11  weeks  at  --20°C,  did not change  the  degree of 
reactivation obtained with it. 
In  our  earlier  publication  (18),  the  reaction  mixture  contained  0.003 M 
ATP in addition to the Mg  ++, coli extract, and irradiated transforming DNA. 
The ATP has been found  to be unnecessary.  The addition  of Mg  ++ on the 458  HEMOPW~.US  INI~LUENZAE  TRANS~'OR.MING  ~'ACTOR 
other hand, is essential for some preparations of crude coli extract. In its ab- 
sence these crude extracts progressively inactivate transforming factor at  a 
rate  which  masks  any possible  photoreactivation.  This  inactivation  in  the 
absence of Mg  ++ is independent of illumination or irradiation. 
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Fio. 2.  Transforming activity during photoreactivation at  37°C.,  expressed  as 
per cent of lmln~ctivated controls.  Reaction mixtures contained 4 volumes of ultra- 
violet-inactivated DNA, 1 volume of g/10 MgSO4,  and the volume of coli extract 
indicated below. Curve A, 1 volume of the most active preparation of extract, incu- 
bated in light. Curve B, 2 volumes of the same extract preparation after 6 weeks' 
storage at  -20°C., incubated in light. Curve C, 1 volume of an extract preparation 
having more typical activity, incubated in light.  Curve D,  1 volume of the same 
extract preparation as  C,  incubated in dark.  Light provided by projection lamp. 
Control mixtures were identical with corresponding reaction mixtures except that the 
DNA was unexposed to ultraviolet. 
Effect of Extrazt Concentration.~ 
The photoreactivation rate diminishes as the ceil extract concentration is 
diminished. Fig. 4 shows the recovery of activity with time of ill-ruination for 
full strength extract and for extract diluted four times and ten times in 0.1 ~s 
phosphate buffer, the  same volumes of full strength and  of diluted extract 
being employed in each reaction mixture. 
Effezt of Illumination Intensity.-- 
The time rate of recovery increases with increasing intensity of illumination, 
but the rise in recovery rate becomes relatively  smaller as the intensity in- C.  S.  RUPERT~  S.  H.  GOODGAL~ AND  R.  M.  HERRIOTT  459 
increases.  Fig. 5 gives the time curves of restoration at several light  levels, 
while  Fig.  6 shows the initial  slope of these curves  vs. relative intensity of 
illumlu~tion. 
Effect of Temperature during Illumination.- 
The  rate  of reactivation  at  a  given illumination  intensity increases  with 
increasing  temperature over the range of 3-37°C. Time curves of recovery for 
ill.mlnation at several temperatures are shown in Fig. 7. 
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FIo. 3. Photoreactivation with interrupted illumination 
Requironent of an Ultrariolet-Damaged Genetic Marker.-- 
Transforming activity can be increased by illumination in the presence of 
E. coli extract if the transforming DhTA has first been ultraviolet-irradiated. 
The increase does not occur with transforming DNA which has not been ul- 
traviolet-inactivated or with mixtures of this material and ultraviolet-irradiated 
Hemophilus DNA which lacks the genetic marker being assayed. These facts 
are indicated by the data of Table IV. 
The  number  of  transformations  obtained  with  mixtures  of  transforming 
and  "non-transforming"  (marker-free)  Hemopkllus  DNA is  lower than  the 
number obtained with transforming DNA alone (21), because the two DNA's 
compete for uptake by the cell as has been shown from Pm studies (22). This 460  HEMOPHILUS  INFLUENZAE  TRANSI~ORtrr~G I~ACTOR 
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FIO. 4.  Photoreactivation with  different dilutions  of the  coli  extract.  Curve A, 
full strength extract. Curve  B, 4  times diluted  extract.  Curve C,  16 times diluted 
extract. Fluorescent lamp illumination at 36.5°C. 
TABLE HI 
Effect of Storags ca 37°C. on S~  Photoreadlvcaion of 
Ulteavlolel-lrradialed  Transforming Fa~r 
The same ultraviolet-irradlated  transforming  factor (UVTF)  used in the experiment  of 
Table I  was tested  for photoreactivation  immediately  after inactivation  and again  after 
19.5 hours at 37°C. The first test began 15 minutes after irradiation,  and the transformation 
assay was complete and the results known before the second test was begun. Reaction mix- 
tures in each case contained  4 volumes of the DNA solution  (3.4 m//ml.), 1 volume g/10 
MgSO~, and 1 volume coll extract.  Illumination  was provided by the fluorescent lamp at 
28°C. 
I Transforming  activity after l minutes' illm-b,ation 
R-octio. ~,-t~r.  I  ,----=V--  ---;=~ 
L 
UVTF (before storage)  +  Mg  ++ +  extract.-[  1.9 ×  10  2  2.2  ×  10  8 
UVTF (after storage) -I- Mg  ++ q- extract ....... J  2.1  X  10  2  2.7  X  l0  s 
lower number of transformations,  however, is not changed by ill-mlnation in 
the presence of cell extract and Mg  ++. 
Prdll/umim;lion  of CdJ F_~ra6¢.  1 
Ultraviolet-irradiated  transforming factor must be mixed with  the coli  ex- 
tract  (plus  Mg++)  during  illumination  in  order  to  recover  its  transforming C.  S.  RUPERT~  S.  H.  GOODGAI,~ AND  R.  M.  HERRIOTT 
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FIG. 5.  Photoreactivation at  different intensities  of illumination.  Curve A,  full 
intensity of projection  lamp.  Curve B,  one-fourth  intensity.  Curve  C,  one-tenth 
intensity. Temperature at 37°C. 
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FIo. 5,  Initial rate of photoreactivation as measured by the initial slopes of the 
curves of Fig. 4 at different illumination intensities. 462  HEMOPHILUS  INI~LUENZAE TRANSFORMING  FACTOR 
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Fro.  7.  Photoreactival~on at different temperatures 
TABLE IV 
Requirement of an Ultraviolet-Damaged Gene~ic Marker for Photoreactiratlon of DNA 
Types of DNA tested were: (a)  streptomycin-transformiag DNA (transforming factor or 
TF); (b) DNA from streptomycin-sensitive type Rd H. influenzae (RdDNA) mixed with an 
equal amount of TF; (c) ultraviolet-irradiated RdDNA (UVRdDNA) mixed with an equal 
amount of TF; (d) ultraviolet-irradiated TF (UVTF). 
Reaction mixtures containing 0.2 ml. of the DNA solution (3.4 T/nil.)  Jr 0.05 ml. ~s/10 
MgSO¢  -F 0.05  ml. coli extract were made in duplicate, and one incubated in the dark for 
20 minutes at 37°C., while the other was similarly incubated under projection lamp illumi- 
nation. 
DNA type in reaction mixture 
TF 
TF -b RdDNA 
TF -b UVRdDNA 
UVTF 
Transforming actlvity after incubation 
Dark 
2.9  X  10  4 
1.t  x  lo  4 
1.1  x  lo  4 
3.s  x  lo  ~ 
Light 
3.0  x  io  4 
I.I  X  I0  4 
I.I  X  I0  4 
5.5  X  l0  s 
activity. If the inactivated DNA is added to a coil extract-Mg  ++ mixture im- 
mediately after the latter has been illuminated with a photoreactivating light 
dose, no increase in transforming activity results. This is determined by com- 
parison with a similar tube to which inactivated DNA is added after dark in- C.  S.  RUPERT,  S.  H.  GOODGAL,  AND  R.  M.  HERRIOTT  465 
cubation  of extract and  Mg  ++.  Subsequent  illumination  of either complete 
mixture, however, produces the expected increase. These results are summarized 
in Table V. 
Heat Lability.-- 
Ultraviolet-inactivated transforming DNA, which has been heated to 90°C. 
for 1 minute (with Mg  ++) loses little of its transforming activity and is capable 
of subsequent photoreactivation, as shown in Table VI. The photoreactivat- 
ing power of the E. coli extract, however, is destroyed by heating. Heating a 
TABLE V 
Failure of Extract Preillumination to Produce Photoreaztivagon of DNA 
Tube No.  Contents and treatment at 37°C.  Transforming  activity 
1  E. toll extract +  Mg  ++ incubated 20 rain. under projection 
lamp. Ultraviolet-inactivated transforming DNA added 
and mixed within 1 to 5 sec. of lamp extinction. Mixture 
further incubated 10 rain. in dark. Sampled in triplicate 
Mixture further incubated 20 rain. under projection lamp. 
Sampled 
E. toll extract +  Mg  ++ incubated 20 rain. in dark. Ultra- 
violet-inactivated transforming DNA  added. Mixture 
further incubated 10 min. in dark. Sampled  in triplicate 
Mixture further incubated 20 rain. under projection lamp. 
Sampled 
5.2  X  lo  2 
4.9  X  10  ~ 
S.l  x  lo  ~ 
3.2  X  10  s 
4.7  X  10  ~ 
5.1  X  10  ~ 
4.9  X  I0  ~ 
3.7  X  108 
reaction mixture of ultraviolet-irradiated transforming factor, ¢oli extract, and 
Mg  ++ to 93-95°C. for 1 minute produces a modest decrease in its transform, 
ing activity to between 0.5 and 0.7 of the original value. If the heat is applied 
before illumination, subsequent exposure to visible light brings no increase in 
activity. If, on the other hand, the heat is applied after illumination, the large 
increase which has already been produced by the light is not lost. Data are 
summarized in Table VII. 
Heating to 60°C. for 30 minutes alters the crude extract so that it progres- 
sively inactivatestransforming factor with time, regardless of whether or not 
the  mixture is illuminated.  It  is  not  certain whether  the  photoreactivating 
system is still active in this case. 
Subcellular Nature of tke Pkotoreactivating System.-- 
Intact viable cells of E. coli B, which may be present in newly prepared ex- 
tract, are unable to restore inactivated transforming DNA. When a fresh sus- 464  HEMOPHILUS  INFLUENZAE  TRANSI~OR3~NO  FACTOR 
pension of such cells,  equivalent to those from which the extract is prepared, 
is  used instead  of the  extract,  no increase  in  the  transforming power of ir- 
radiated DNA is produced by illumination. Details and data are given in Ta- 
ble VIII. 
TABLE VI 
Pkotoreaaivation of Heated Ultraviola-Inaaivated Transforming DNA 
Duplicate reaction  mixtures  were prepared, except that in one the ultraviolet-inactivated 
transforming factor (UVTF) and Mg  ++ were heated for 1 minute at 90-92°C. and cooled 
before addition of E. cdi extract.  Both were exposed to fluorescent  lamp illumination at 
28°C. 
Illumination 
m/n. 
0 
40 
Transforming activity 
UVTF  4" Mg  ++ +  extract 
5.4  X  lO  2 
6.5  X  103 
Heated UVTF +  Mg  ++ +  extract 
4.3  X  I0  2 
4.4  X  10  3 
TABLE Vll 
He~ LahiJi~y of Pkotore~tivating Sysl~rm 
The sequence of operations on each reaction tube follows from top to bottom in the cor- 
responding column, 
Tube 1  Tube 2  Tube 3  Tube 4 
Heated after  Heated  before 
light treatment  light treatment  Dark control  Dark control 
2.5 x  IO  2  3.2 X  1~  Activity at start  .... 
Heating 
Activity after  heat  ............... 
Incubation. 
Activity after  incubation  .... 
Heating. 
Activity after  heat  .... 
Light 
4.0  X  103 
+ 
2.3  X  103 
2.8  x  lo  ~ 
+ 
1.9  x  io  ~ 
Light 
2.5 X  lO  ~ 
Dark 
3.6  X  10  ~ 
+ 
2.5  ×  10  ~ 
2.8  X  lO  ~ 
+ 
1.3  X  10  ~ 
Dark 
1.5  x  10  ~ 
Heating (indicated by an +) was for 1 minute at 93-95°C. Incubation was for 40 minutes 
at 28°C. Illumination was provided by the fluorescent lamp. Reaction tubes each contained 
4 volumes of ultraviolet-inactivated transforming DNA, 1 volume of M/10 MgSO4, and  1 
volume of coli extract. 
On the other hand, an extract of E. coli filtered  sterilely through an "ultra- 
fine" grade flitted glass disc, and showing no viable cells in a 0.1  ml. sample, 
retained its full photoreactivating power as indicated in Table IX. The activ- 
ity, therefore, lies  in a  subcellular system which is released  by disruption of 
the cell. 
Inactivity of SubceUular Particles.-- 
The photoreactivating power of the  extract  does not  sediment  with  sub- 
cellular particles. Mter centrifugation of 2 ml. of the crude extract at 110,000 X C.  S.  RUPERT~ S. H.  GOODGAL~ AND R.  M.  HERRIOTT  465 
g for 1 hour,  the top 0.6 ml. of the supernatant had the same activity as the 
original material. The drained pellet, resuspended in 1 ml. of 0.1  ~r phosphate 
buffer, was completely inactive. These data are summarized in Table X. 
TABLE VIII 
Inability of Intact E. coil to Pkotoreactivate Tran.~forming D~VA 
F.. coli B, grown beyond exponential phase in synthetic medium, were concentrated by 
centrlfugation and resuspension  to a viable titer of 6 X  101Z/ml. in 0.1 M phosphate buffer. 
Duplicate mixtures of ultraviolet-inactivated transforming factor (UVTF) and Mg  ++ were 
made, the cell suspension added to one and E. coli extract added to the other in equal amounts, 
Tubes were illuminated with the fluorescent lamp at 28°C. 
Illun~nstlon 
mm. 
0 
40 
Transforming  activity 
UVTF + ~g++ + cells 
2.6  X  10  ~ 
2.1  X  10  ~ 
UVTF -}- Mg  ++ + extract 
2.5  ×  10  ~ 
2.9  ×  I0  a 
All transformation tubes (containing the 0.1 ml. samples from the reaction tubes in 3 ml. 
of Levinthal broth) were heated to 100°C. for 1 minute and cooled before adding the H. 
infltwnzae for transformation. This treatment was necessary to reduce the viable E. cdi 
count in the samples of the mixture containing those cells and was applied to the other tubes 
as a control. 
TABLE IX 
PhohrreoztiroJion by Call-Free E. toll Extract 
Duplicate mixtures of ultraviolet-lnactivated transforming factor  (UVTF)  and  Mg  ++ 
were made. E. coil extract filtered sterilely through an "ultrafme" grade frltted glass disc 
(viable count in a 0.1 ml. sample •-  0) was added to one and unfiltered extract to the other. 
Mixtures were incubated under the projection lamp at 36.5°C. 
Illumination 
mm. 
0 
10 
20 
Transforming  activity 
UVTF +  MS  ++ + filtered  eztract .IUVTF  + Mg++-{  - mzfilteced  extract 
3.2  ×  ~0~  1  3.1  ×  I0  ~ 
3.1  X  10  a  2.6  X  l0  s 
4.5  X  103  3.4  X  10  a 
Dialyzable and Non-Dialyzable  Components of tke Extract.-- 
The  E.  coli  extract loses its photoreactivating power  upon  dialysis. Lyo- 
philized dialysate redissolved in water at half the volume of the original ex, 
tract is also inactive. A  combination of the two fractions is, however  i  active 
as shown in Fig. 8. The recovery curves of the reconstituted system show an 
initial upward concavity, the time rate of photoreactivation increasing during 
the first minutes of illumination. 
The maximum increase in transformations,  marked by the plateau of the 455  HEMOPHILUS  IN-FLUENZAE  TRANSFORMIN'G  FACTOR 
recovery curve, is approximately proportional to the concentration of dialysate 
in the mixture. Halving this concentration by diluting the dialysate 1:1 with 
0.1 x¢ phosphate buffer before adding it to the other fraction produced the curve 
of smaller rise in Fig. 8. Fig. 9, obtained with a different preparation, shows 
the effect of twofold and fourfold dilution of the dialysate. 
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FIO. 8. Photoreactivatlon by  the  reconstituted E.  ¢oli  system. Activity  is  in 
thousands of transformed cells per milliliter. Reaction mixtures contained 4 volumes 
of ultraviolebinactivated DNA and  1 volume of x~/10 MgSO4 in addition to the 
components indicated below for each curve. Curve A,  1 volume of dialyzed coli 
extract  +  1 volume of phosphate. Curve B, 1 volume of concentrated dialysate + 
1 volume of phosphate. Curve C, 1 volume of dialyzed extract plus  1 volume of 
concentrated dialysate. Curve D, 1 volume of dialyzed extract plus 1 volume of a 
2 times dilution of concentrated dialysate. Fluorescent lamp illumination at 28°C. 
Attempts to obtain similar  information for various concentrations of the 
dialyzed crude extract in the mixture have given inconsistent results which 
will not be reported. 
The dialyzable component is removed over about a 60 hour period at 5°C. 
when using one-quarter inch diameter cellulose tubing (Visking Corporation, 
Chicago).  Extract dialyzed much longer  than this progressively  inactivates C. S. RUPERT,  S. w. GOODGAL,  AND  R. M. HEERIOTT  467 
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FIG. 9.  Photoreactivation  with  different  dilutions  of  concentrated  dialysate. 
Activity is in hundreds of transformed cells per milliliter.  Reaction mixtures con- 
mined  4  volumes  of  ultraviolet-inactivated  DNA,  1  volume  of  u/10  MgS04,  1 
volume of dialyzed coli extract, and 1 volume of concentrated dialysate at the dilu- 
tion indicated for each curve.  Curve A,  full strength dialysate.  Curve B,  2  times 
diluted. Curve C, 4 times diluted. Curve D,  oo times diluted. 
TABLE X 
Photoreactlvalion ~ith Fractions of Sedimenled coli Extrac~ 
Two ml. of E. coil extract was centrifuged at 110,000  X  g for 1 hour. Equal amounts of 
the top 0.6 ml. of supematant, of the pellet (resuspended in 1 ml. of 0.1 M phosphate buffer), 
and  of  the  original extract were  added  respectively to  identical mixtures  of ultraviolet- 
inactivated  transforming  DNA  and  Mg  ++.  Reaction  mixtures  were  illuminated  by  the 
fluorescent lamp at 28°C. 
Transforming activity of a reaction mixture using 
Illumination 
Original extract  Top supernatant  Resuspended  pellet 
mira 
0  2.5  X  lO  s  2.9  X  lO  s  2.5  X  lO  s 
20  2.0 X  104  1.9 X  104  3.0 X  IO  s 
40  2.8 X  10  4  2.9 X  10  4  2.8 X  l0  s 
transforming DNA in the light or dark, while extract dialyzed 40 hours re- 
talus part  of its restoring  activity.  Considerable variation occurs  from one 
preparation to another. 
The activity of the concentrated dialysate deteriorates with time at --80°C. 
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Heat Lability of the Dialyzable  and Non-Dialyzable Components.- 
The non-dialyzable fraction is inactivated by exposure to a temperature of 
90°C. for 1 minute, while the dialyzable component is little affected by this 
treatment. The data are shown in Table XI. 
A second experiment gave the same results. 
TABLE XI 
Heat LaXity of Dialyr,  able and Non-lY,  alyzable Fractions of E. toll Ex~ravt 
Reaction mixtures contained 4 volumes of ultravinlet-inacfivated DNA (3.4 3,/ml.) +  1 
volume u/10 MgS04 -t- 1 volume of dialyzed ¢oli extract and/or 1 volume of concentrated 
dialysate wherever these components are indicated. Heating was for 1 minute at 90°C. 
Illumination was by the fluorescent  lamp at 28°C. 
E. toll extract fractions used in reaction mixture 
Dialyzed extract 71- concentrated dialysate .......... 
Dialyzed extract +  heated concentrated dialysate .... 
Heated dlaly~ed extract +  concentrated dialysate .... 
Dialyzed extract ................................. 
Concentrated dialysate ............................ 
Transforming activity after t minutes' 
illumination 
t=o 
2.6X  I(F 
2.6X  I0  ~ 
2.2 X  I0  ~ 
2.4 X  10  ~ 
2.7 X  10  ~ 
~40 
9.3  x  10  ~ 
8.9  x  10  ~ 
2.4X  10  ~ 
3.9  X  10  2 
3.0  X  Io  2 
DISCUSSION 
Transforming factor which has been reduced to  1 per cent of its original 
activity by ultraviolet irradiation can be reactivated to between 10 and 50 per 
cent of the original value by illumination with visible fight in the presence of 
an extract of E. coli B. The amount of reactivation does not depend on whether 
the activity is assayed on the plateau or on the linear portion of the DNA ti- 
tration curve (Fig. 1). The extent of inactivation and the amount of recovery 
are not affected by overnight storage at 37°C. between inactivation and light 
treatment.  Restoration  is  observed only when ultraviolet-inactivated trans- 
forming DNA is mixed with the extract at the time of illumination. It does 
not occur with unirradiated transforming factor or with mixtures of this and 
an  ultraviolet-irradiated  "non-transforming" DNA  which  lacks  the  genetic 
marker  being  assayed.  Restoration  can  be  prevented by  briefly heating  a 
DNA-Mg'H'-coli  extract mixture before illumination, but once illuminated a 
similar heating does not destroy the recovered activity. The simplest  inter- 
pretation consistent with all  these  facts is  that  DNA  molecules bearing an 
ultraviolet-damaged genetic marker are repaired during the illumination by 
some heat-labile system. 
Several alternative explanations of the phenomenon can be eliminated by 
the information on hand. These are: 
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susceptibility of H. influenzae cells to transformation  and,  therefore, produce 
an apparent rise in activity of the DNA. This explanation is inconsistent with 
the fact that no increase is observed unless ultraviolet-irradiated DNA carry- 
ing the genetic marker being assayed is mixed with the E. coti extract at the 
time of illumination. 
2.  The E. coli extract may preferentially destroy ultraviolet-damaged mole- 
cules of DNA. When assaying activities in the fiat part of the titration curve 
(Fig.  1), such a preferential destruction would cause an increase in apparent 
activity from the original  1 per cent to as much as 10 per cent due to elimina- 
tion of competition from the damaged molecules during uptake by the cell. 
However, on this  basis no increase would be expected when assaying in the 
linear portion of the activity curve where there is no competition, and such an 
increase is observed. Moreover, this hypothesis would predict an increase in the 
presence of ultraviolet-irradiated  DNA which lacks the genetic marker being 
assayed, and such an increase is not observed. Finally, recoveries to somewhat 
more than 10 per cent activity, which would notbe possible  under this assump- 
tion, have been observed. 
3.  The actual inactivation of the DNA may be a secondarytime-dependent 
reaction following the ultraviolet irradiation. The failure of several experiments 
to detect any such delayed inactivation might be explained if the time course 
of the secondary reaction were chosen for this particular purpose. An apparent 
recovery would then be expected if components of the E. voli extract could 
block the delayed inactivation under illumination.  This explanation, however, 
cannot  account for the same reactivation in aliquots of an irradiated  DN'A 
solution both before and after it is stored overnight at 37°C.  If the first re- 
activation is assayed and  the results are known before the second reactiva- 
tion is begun,  then  the supposed blocking of some delayed inactivation  can 
explain the recovery on either one of the 2 days, but not on both. 
We are not in a position to propose any specific mechanism for photoreac- 
tivation at the present time. Experiment shows that  some persistent change 
exists in transforming DBIA after ultraviolet irradiation  which dimluishes  its 
effectiveness in producing  transformations.  This  change is reasonably called 
"damage." The present evidence indicates  that  another  change which over- 
comes this damage is produced by the cell extract during illumination.  This 
second change is reasonably called "repair" without presuming anything about 
its exact nature. The simplest kind of repair would, of course, be the reversal 
of some photochemical change produced by the ultraviolet radiation. 
The system in the toll extract which effects the  DNA repair is subcellular 
since it is active in a cell-free extract, and it exists in solution in that extract 
since it does not sediment with the larger subcellular patricles. It consists of a 
"large molecular" (non-dialyzable) fraction and a "small molecular" (dialyza- 
ble) one. The system becomes inactive when these are separated and recovers 
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The concentration of the small molecular fraction limits the degree to which 
the transforming activity of the inactivated DNA can return. The large molecu- 
lar fraction is much more heat-labile than the small, being  completely inac- 
tivated by heating to 90°C. for 1 minute while the latter is little affected. The 
obvious inference from the foregoing facts is that the large fraction  consists 
of one or more enzymes while the small fraction contains at least one compo- 
nent used up during photorestoration, without which the reaction cannot pro- 
ceed. 
As reported previously (18),  illumination of the transforming DNA  alone 
or after mixing with an extract of Hemophilus influenzae (prepared in the same 
way as the E. coli extract)  effects no repair.  Likewise, illumination of H. in- 
fluenzae cells immediately after the uptake of ultraviolet-irradiated DNA in  a 
transformation produces  no  increase  in  the  number  of  transformations  as 
compared with unilluminated controls. We have, in fact, been unable to dem- 
onstrate photoreactivation for ultraviolet-irradiated H. influenzae cells them- 
selves using procedures which readily reactivated E. coli B. H. influenzae  ap- 
parently lack the mechanism for effecting this recovery. By contrast, E. coli 
B,  which  are photorestorable  and which can restore  ultraviolet-inactivated 
phage, possess the required mecha~igm. 
The in  vitro  photoreactivation system resembles the in  vivo  system of ir- 
radiated E. coli B  cells  (2)  or of unirradiated E. coli B  ceils infected with ir- 
radiated T-even phage (3) in the following properties: (a) The time scale and 
the visible light dose required are comparable for a similar degree of recovery. 
(b)  Recovery proceeds  only during  ill,,,niuation.  (c)  The  recovery  rate  is 
strongly temperature-dependent. (d) The recovery rate increases with increas- 
ing intensity of illumination, but the increase becomes relatively smaller as 
the intensity grows larger. 
The much more critical comparisons of action spectra and of detailed kinetics 
have not as yet been made. The  latter studies are trustworthy only with the 
purified in vitro  system because of the destructive reactions in the crude ex- 
tract, whose release and suppression are not under adequate control. To the 
extent that the two systems can be compared, however, there is no indication 
that they are essentially different, and in the light of the accumulated evidence 
in vivo  it seems highly probable  that the mechanism responsible for photo- 
reactivation of one organism has now been obtained in vitro.  The problem of 
photoreactivation has thus become a problem in enzymology and photochemis- 
try  to  be  attacked  outside  the  organization and  complexity  of  an  intact 
cell. 1 
1  Just after this article was completed Northrop's study (25) of the photoreversal 
of ultraviolet light--induced lysis of lysogenic B. megalherlum 899a appeared.  Nor- 
throp finds that his results agree with a proposal suggested by Novick and Szilard (5) 
that exposure to ultraviolet light results  in the production of a  toxic  (mutagenic) C. S. RUPERT,  S. H. GOODGAL~  AND  R. M. HERRIOTT  471 
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substance inside the bacterial cell and that this substance is inactivated upon expo- 
sure to white light.  The experiments  with the transforming  factor do not fit this 
mechanism. 